INTRODUCTION
============

Bright sources of high-energy γ-rays are versatile tools ([@R1]--[@R3]) that are applied in broad areas ranging from fundamental research ([@R4]--[@R7]) in astrophysics, particle and nuclear physics, to high-resolution imaging ([@R8], [@R9]) in chemistry, biology, medicine, materials science, and industry. These applications can benefit greatly from the availability of further compact γ-ray sources with low divergence, short pulse duration, high energy, and high peak brilliance. At present, widely used synchrotrons ([@R2]) and X-ray free-electron lasers (XFELs) ([@R10]) can deliver X-ray pulses with peak brilliance in the range of 10^19--24^ and 10^27--32^ photons s^−1^ mm^−2^ mrad^−2^ per 0.1% bandwidth (BW), respectively. However, they are normally limited to photon energies ranging from a few keV to hundreds of keV, and peak powers in the multi-GW level. In addition, the size and cost of these large research infrastructures limit access to the sources.

On the other hand, compact laser-wakefield accelerators (LWFAs) ([@R11]--[@R16]) have been developed rapidly over the past two decades ([@R17]) and offer a radically different approach---the acceleration length in plasmas is about three orders of magnitude smaller as compared to conventional accelerators, providing the ability to drive the acceleration and radiation of high-energy particles on a much smaller scale. Multi-GeV electron beams have been produced using LWFA ([@R18]), and femtosecond-scale X/γ-ray pulses in the range of keV to MeV can be produced via LWFA-based betatron radiation ([@R19]--[@R22]) and Compton backscattering ([@R23]--[@R25]). The resulting radiation sources have typical peak brilliance of 10^19--23^ photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW, while the photon number per shot is limited to 10^7--8^ photons with the laser-to-photon energy conversion efficiency at a very low level on the order of 10^−6^. Although substantial efforts have been dedicated to enhancing betatron radiation, such as using energetic particle beam--driven plasma wakefields ([@R26], [@R27]) and increasing transverse oscillation amplitudes ([@R28]), it remains a great challenge to significantly increase the energy conversion efficiency and to generate collimated γ-rays with high peak brilliance on the order of the XFEL level and with high energies in the MeV to GeV regime. Currently, many cutting-edge applications and scientific research ([@R29]--[@R31]) require γ-rays with ultrahigh brilliance and photon energies far exceeding 1 MeV. These applications include exploring elementary particles ([@R4]), probing nuclear structures and photonuclear physics ([@R5], [@R6]), and examining quantum processes ([@R7]), which rely heavily on γ-ray sources in the MeV to GeV range.

Continuous development in ultrahigh-power laser technology ([@R32]) provides possibilities for producing brilliant high-energy γ-ray sources. So far, considerable theory and simulation efforts have been made to develop such photon sources, based on emission of energetic electrons accelerated in extreme laser fields, such as laser interactions with near-critical-density plasmas ([@R33]--[@R35]), laser-driven radiation reactions ([@R36]--[@R38]), laser-irradiated solid interactions ([@R39]--[@R41]), laser scattering off electrons ([@R42], [@R43]), and the excitation of electromagnetic cascades ([@R44], [@R45]). However, there are unavoidable physical limitations on the γ-ray peak brilliance with these methods, such as a very large divergence in direct laser interaction with electrons. Furthermore, an exceptionally high laser intensity of 10^23--25^ W/cm^2^ (two to four orders of magnitude higher than the highest intensities available to date) is required to produce GeV photons. This requires tens-of-petawatt (PW) laser pulses to be focused to near-diffraction-limited spots, which is very challenging. As soon as the laser intensity is reduced to the order of \~10^21^ W/cm^2^ (which is the highest intensity level of reliable operation of current high-power laser systems), the methods mentioned above become intrinsically inefficient for γ-ray emission. In addition, the ability to tune the photon energy, power, and brilliance is limited. It has been recently proposed that collimated γ-rays may be produced when ultradense relativistic electrons interact with conductors via beam-plasma instabilities ([@R46]), but the required high-density GeV electron beams are well beyond current technical capabilities. Heretofore, there is no alternative method applicable to achieve the peak brilliance of γ-ray sources comparable to the XFEL level.

Here, we introduce a new efficient scheme to produce extremely high-brilliance γ-rays with photon energies up to GeV, which is based on a two-stage LWFA driven by a single multi-PW laser pulse. The first stage, using a moderately low-density plasma, produces a multi-GeV electron beam with a high energy efficiency of \~40%, while the second stage using a relatively high-density plasma produces MeV-GeV γ-ray radiation with an efficiency over 10%. The resulting photon number, energy efficiency, peak brilliance, and power are several orders of magnitude higher than existing LWFA-based sources. This may pave the way for applications in broad areas of science and technology that require high-brilliance γ-rays with photon energy in the MeV to GeV regime.

RESULTS
=======

Physical scheme
---------------

It is well known that a low-density plasma is beneficial for accelerating trapped electrons to high energies because the electron dephasing length ([@R17]) *L*~deph~ ∝ 1/*n~e~*, where *n~e~* is the plasma density. However, strong betatron oscillations preferentially occur in a high-density plasma, which enhances betatron radiation with a critical photon energy $\hslash\omega_{\text{crit}} \propto \left( \frac{\epsilon_{e}}{m_{e}c^{2}} \right)^{2}n_{e}r_{\beta}$, where *c* is the speed of light in vacuum and ϵ~e~, *m~e~*, and *r*~β~ are the electron energy, mass, and transverse oscillation amplitude, respectively. This contradiction severely restricts betatron emission in the wakefield to photon numbers in the range 10^7--8^ and photon energy in the hundreds of keV range, thus only achieving peak brilliance comparable to the synchrotron radiation.

To overcome this problem, we propose a two-stage scheme that combines the advantages of efficient electron acceleration in a moderately low-density LWFA and efficient photon emission from energetic electrons in a relatively high-density LWFA, as shown in [Fig. 1](#F1){ref-type="fig"}. Here, a multi-PW laser pulse is focused to a currently achievable intensity of \~10^21^ W/cm^2^, enabling it to drive a plasma bubble in a relatively high-density (\~10^20^ cm^−3^) plasma according to the similarity of relativistic laser-plasma interactions ([@R47]) $S = \frac{n_{e}}{a_{0}n_{c}}$, where $a_{0} = \frac{eE_{y}}{m_{e}c\omega_{0}}$ is the normalized laser amplitude, *e* is the unit charge, $\omega_{0} = \frac{2\pi c}{\lambda_{0}}$ is the laser frequency, and $n_{c} = \frac{m_{e}\omega_{0}^{2}}{4\pi e^{2}}$ is the critical plasma density. In addition, a plasma channel with a transverse parabolic density profile is used to guide the high-power laser ([@R17], [@R18]).

![Concept of the compact bright γ-ray source.\
(**A**) Schematic of the two-stage scheme. In the first acceleration stage, a plasma wake is driven by a multi-PW laser pulse propagating in an underdense plasma channel, where efficient electron injection and acceleration result in a multi-GeV, low-emittance, high-charge, and high-density electron beam. The laser pulse then enters a higher-density plasma region that acts as a radiator, where collimated bright γ-rays are produced by the dense high-energy electrons in the enhanced electrostatic fields of the bubble in the denser plasma. (**B**) Three-dimensional (3D) view of the γ-ray radiation in laser-driven plasma wakefield using a 3D particle-in-cell (PIC) simulation. Simulation parameters are mentioned in Methods.](aaz7240-F1){#F1}

In the first stage, the plasma electrons are self-injected and accelerated in the plasma bubble excited by the multi-PW laser pulse propagating in an underdense plasma, resulting in a low-divergence, tens-nC, and multi-GeV electron beam with a high beam density close to the critical plasma density (10^21^ cm^−3^). The laser-to-electron energy conversion efficiency is up to \~40%. It should be pointed out that if we only consider the accelerated electrons around the quasi-monoenergetic peak, the efficiency is about 22%, consistent with the result (\~20%) predicted by Gordienko and Pukhov ([@R47]). In the second stage, the laser pulse propagates into the relatively high-density plasma, resulting in a shrunken plasma bubble as the density increases. Besides the accelerated GeV electrons from the previous stage, additional electrons are injected in this stage, which further increases the total charge of the accelerated electron beam with a peak density well above the critical density. The efficiency increases to above 50% for the total accelerated GeV electrons as well. This results in large quasi-static electromagnetic fields around the electron beam with a radiation parameter as high as χ*~e~* \~ 0.1 defined in the following, as we can see later, which gives rise to emission of a collimated beam of γ-rays with photon energies up to the GeV level. Because the quasi-static electromagnetic fields are high enough, the radiation reaction and quantum effects begin to play an important role in the photon emission process ([@R33], [@R37]). A distinct feature of this scheme is the high efficiency of both electron acceleration and radiation. The efficiency of multi-GeV tens-nC electrons produced is as high as 50% with an energy gain above 100 J, giving rise to an unprecedented radiation efficiency for γ-rays (with photon energy above 1 MeV) in excess of 10%, as will be shown later. Consequently, the photon number, efficiency, peak brilliance, and power of the γ-rays emitted are several orders of magnitude higher than current LWFA betatron radiation ([@R19]--[@R22]) and Compton ([@R23]--[@R25]) sources.

Extremely bright γ-ray emission
-------------------------------

To obtain collimated ultrabright high-energy γ-ray pulses, both the charge and energy of the accelerated electron beam and the quasi-static electromagnetic fields should be high enough. To fulfill these conditions, the plasma density is longitudinally tailored to form two successive stages, one with moderately low density for efficient acceleration and the other with relatively high density for efficient radiation (see [Fig. 2A](#F2){ref-type="fig"}).

![The laser-plasma accelerator-radiator setup and 3D PIC simulation results.\
(**A**) On-axis density profile of the background plasma. (**B** and **D**) Snapshots of distributions of the electron density (*n~e~*) and laser field (*E~y~*) are shown at time *ct* = 1000 μm and *ct* = 1700 μm, respectively, in the acceleration and radiation stages, where ξ = *x* − *ct*. Corresponding snapshots of distributions of the photon density (*n*~γ~) and accelerating field (*E~x~*) are presented in (**C**) and (**E**), respectively. The energy spectra of electrons (**F**) and γ-rays (**H**) at given times. In (H), the inset shows the temporal evolution of the maximum energy of electrons and γ-rays. (**G**) Angular spectrum and angular distribution of γ-rays. (**I**) γ-Ray peak brilliance (photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW) as a function of the emitted photon energy.](aaz7240-F2){#F2}

In the acceleration stage, a plasma wake with an ultrahigh acceleration gradient above 20 GV/cm is produced by the drive laser pulse in a moderately low-density plasma channel (see [Fig. 2, B and C](#F2){ref-type="fig"}) so that a large number of electrons are rapidly accelerated by the wake to GeV energy in millimeters. The laser pulse, together with its accelerated electron beam, then enters a higher-density plasma region in the radiator stage, where both the accelerating field ($E_{x} \propto \sqrt{n_{e}}$) and the laser fields (through relativistic self-focusing) are enhanced significantly, even though the laser depletion and electron dephasing occur faster, as shown in [Fig. 2, D and E](#F2){ref-type="fig"}. This results in a high-density (10^21^ cm^−3^), high-charge (tens-nC), and multi-GeV electron beam ([Fig. 2F](#F2){ref-type="fig"}). Because of high-efficiency electron acceleration occurring in high-power ultra-intense laser-plasma interactions, collimated γ-rays with photon energies up to the GeV level are copiously emitted within a narrow angular range ([Fig. 2, G and H](#F2){ref-type="fig"}). We consider the γ-rays emitted in a 0.1% energy BW within an angle of 5 mrad, with a source size of 2 μm and a duration of 30 fs at full width at half maximum (FWHM), which gives a peak brilliance about 4 × 10^26^ photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW at 1 MeV and 1.2 × 10^26^ (usual units) at 20 MeV, as shown in [Fig. 2I](#F2){ref-type="fig"}. One can see that the maximum peak brilliance of γ-rays may reach up to the XFEL level, making them promising high-brilliance high-energy radiation source for fundamental research and practical application.

To illustrate the physical processes occurring in the two stages, we show the evolution of the plasma wake, transverse field, and radiation parameter in [Fig. 3](#F3){ref-type="fig"}. In the acceleration stage, injection and stable acceleration of electrons are observed. The charge of trapped electrons with energy above 1 GeV is as high as 35 nC. They are accelerated to a maximum energy of \~3.6 GeV at *ct* = 1500 μm. When the laser pulse propagates into the radiator stage with a higher plasma density, the bubble shrinks as $\lambda_{w} \approx 2\pi c\sqrt{a_{0}}/\omega_{p}$, where $\omega_{p} = \sqrt{4\pi n_{e}e^{2}/m_{e}}$ is the plasma frequency. The acceleration field ($E_{x} \propto \sqrt{n_{e}}$) is simultaneously increased and has a decreased phase velocity ([@R17]). As a result, more electrons can be trapped and accelerated (with a charge up to \~40 nC above 1 GeV). This further enhances the self-generated fields because they scale as $2\pi en_{b}r_{b}^{2}/r$, for *r* \> *r~b~* and 2π*en~b~r* for *r* ≤ *r~b~*, where *n~b~* and *r~b~* are the electron beam density and radius. The quasi-static transverse electromagnetic fields (*F*~⊥~) are composed of two parts: one component induced by the accelerated electron beam and the other associated with the plasma electron cavity (scaling as $m_{e}\omega_{p}^{2}r/2e$). As expected, with the increase of both *n~e~* and *n~b~*, *F*~⊥~ is greatly enhanced ([Fig. 3D](#F3){ref-type="fig"}). This leads to a large radiation parameter *χ~e~* ([Fig. 3F](#F3){ref-type="fig"}), which is proportional to *ϵ~e~* and *F*~⊥~ as $\chi_{e} \approx \left( \frac{e\hslash}{m_{e}^{3}c^{5}} \right)\epsilon_{e}F_{\bot}$ (see Methods). Our simulations suggest that the radiation parameter can be as high as χ*~e~*\~0.1 (see fig. S6), which is much larger than that in typical laser-irradiated solids ([@R39]) (χ*~e~* ≲ 0.05, producing multi-MeV photons with a very large divergence FWHM of \>20^ο^), although our laser intensity is even an order of magnitude lower. Consequently, the emission of radiation by energetic electrons in a wakefield enters into the high field (strong radiation reaction) regime, in which both radiation reaction and quantum effects come into play ([@R48], [@R49]) and copious γ-ray photons are emitted in the radiator stage.

![High-energy photon radiation in intense quasi-static electromagnetic fields.\
(**A** and **B**) Distributions of the electron density (*n~e~*) and self-generated magnetic field (*B~S~*) at *ct* = 1500 μm and *ct* = 1600 μm, respectively. (**C** and **D**) Corresponding γ-ray photon density (*n*~γ~) and transverse electromagnetic field (*F*~⊥~). (**E** and **F**) Corresponding radiation parameter (*χ~e~*) at the two positions mentioned above.](aaz7240-F3){#F3}

The maximum energy, peak brilliance, and radiation power of the emitted γ-ray can be tuned simply by changing the plasma parameters. Here, we mainly consider the effect of tuning the radiator on the γ-ray emission. The acceleration stage accelerates self-injected electrons to multi-GeV energies with a relatively low γ-ray emission level, compared with that in the radiation stage. We first discuss the effect of the radiator length *L~b~* on the γ-ray emission. [Figure 4A](#F4){ref-type="fig"} shows the results of varying *L~b~* from 12 to 300 μm, while keeping all other parameters fixed. It shows that an appropriately long plasma radiator benefits γ-ray emission. This is due to the increased energy gain of electrons accelerated in the longer plasma segment, because ϵ*~e~* ≈ *eE~x~L*, which gives a very high efficiency (51.8%). This enables emission of copious high-energy γ-ray photons because of the substantial increase of the radiation power $P_{\gamma} \approx \left( \frac{2\alpha_{f}\hslash e^{2}}{3m_{e}^{4}c^{6}} \right)\epsilon_{e}^{2}F_{\bot}^{2}$, where the power scales approximately as *P*~γ~ ∝ *L*^2^ due to the increase in *ϵ~e~*. However, the maximum radiator length and hence the maximum photon energy are limited, due to the laser pulse energy depletion and electron dephasing, e.g., for *L~b~* ≳ 250 μm.

![Effect of the plasma parameters on the γ-ray emission.\
(**A**) Effect of the radiator length (*L~b~*) on the peak brilliance at 1 MeV, cutoff energy, and radiation power of the γ-rays. The inset shows the maximum energy and total efficiency of accelerating electrons above 1 GeV. (**B**) Effect of the plasma density (*n*~0~) in the radiator region on the γ-ray peak brilliance, cutoff energy, and radiation power. The inset shows the energy conversion efficiency of trapped electrons (≥1 GeV) and γ-rays (≥1 MeV) from the drive laser. The cutoff energy of the γ-rays is defined at 10^−5^ of the peak brilliance at 1 MeV.](aaz7240-F4){#F4}

[Figure 4B](#F4){ref-type="fig"} illustrates the effect of plasma density on the γ-ray emission, where the product of the plasma density and length is fixed as *n*~0~*L~b~* = 18*n~c~* μm in the radiator region, and all other parameters are unchanged. The results show that γ-ray emission enhances significantly with the increase of the plasma density because $P_{\gamma} \propto \epsilon_{e}^{2}F_{\bot}^{2} \propto n_{e}$, where $\epsilon_{e} \approx eE_{x}L \propto 1/\sqrt{n_{e}}$ and $F_{\bot} \propto \frac{m_{e}\omega_{p}^{2}r}{2e} \propto n_{e}$. For example, using a density of 1.2*n~c~*, γ-ray pulses in the energy range up to 3 GeV are obtained with a peak brilliance of \~8 × 10^26^ photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW at 1 MeV and 12.5% conversion efficiency. The corresponding peak power is up to \~1 PW. This enables a substantial amount of electron energy to be efficiently transferred to high-energy photons. It should be noted, however, that the radiator density should not be too high, as it will deplete the laser pulse energy rapidly and shorten the acceleration distance (*L~b~* ∝ 1/*n*~0~). This limits the electron energy gain and thus photon emission, causing the saturation of radiation power and photon energy.

DISCUSSION AND CONCLUSION
=========================

To demonstrate the robustness of this γ-ray radiation scheme, in [Fig. 5](#F5){ref-type="fig"}, we have shown a series of simulations for laser intensities varied in the range 1.6 × 10^21^ to 6.5 × 10^21^ W/cm^2^. The results show that the γ-ray emission becomes more efficient as the laser intensity increases according to $P_{\gamma} \approx \left( \frac{2\alpha_{f}\hslash e^{2}}{3m_{e}^{4}c^{6}} \right)\epsilon_{e}^{2}F_{\bot}^{2} \propto I_{0}^{2}$, where the electron energy scales as ([@R47]) $\epsilon_{e} \propto \sqrt{P_{l}} \propto \sqrt{I_{0}}$, with $P_{l} = I_{0}\pi r_{0}^{2}/2$, and the transverse field scales as $F_{\bot} \propto n_{e} \propto \sqrt{I_{0}}$ following from the relation *n~e~* = *Sa*~0~*n~c~*. Energy conversion from laser to γ-rays is defined as η = ε~γ~/ε*~l~* ∝ *P*~γ~/*P~l~*. Thus, one can obtain η ∝ *I*~0~, which agrees well with the simulation results shown in [Fig. 5](#F5){ref-type="fig"}. As an example, using a laser pulse at the intensity 6.5 × 10^21^ W/cm^2^, the γ-ray emission can reach photon energies up to 3.3 GeV, with \~16% conversion efficiency and ultrahigh peak brilliance 1.5 × 10^27^ photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW at 1 MeV. When the laser intensity is reduced to 1.6 × 10^21^ W/cm^2^ with a peak power of 2.5 PW, bright γ-ray radiation is still quite efficient. Therefore, this scheme has the potential to operate widely in laboratories in the near future and paves the way toward a new generation of high-efficiency ultrabright GeV γ-ray sources to a broad community.

![Scaling of γ-ray emission with laser intensity.\
Effect of the laser intensity on the peak brilliance at 1 MeV, cutoff energy, and conversion efficiency of γ-ray pulses. For high-efficiency bright γ-ray emission, the radiator plasma has a density determined by a fixed parameter *S* = *n*~0~/*a*~0~*n~c~* = 8 × 10^−3^ and length *L~b~* = 100 μm. The plasma structure, all other parameters, and corresponding *S* are the same as those shown in [Fig. 2](#F2){ref-type="fig"}.](aaz7240-F5){#F5}

We also discuss the performance of this radiation scheme in the self-guided LWFA case without the preformed plasma channel, as illustrated in [Fig. 6](#F6){ref-type="fig"}. To extend this radiation scheme into the self-guided LWFA, the initial plasma parameters need to be adjusted accordingly, where the background density is set to *n*~0~ = 0.03*n~c~* and 0.078*n~c~* in the acceleration stage and the radiation stage, respectively. The laser parameters are the same as those presented in [Fig. 2](#F2){ref-type="fig"}, and other parameters are unchanged but with doubled the simulation window size and corresponding grid cells. It is shown that the γ-ray radiation produced in the self-guided LWFA is still very brilliant with the peak brilliance on the order of the plasma channel case, even though the divergence angle becomes large and the emitted photon energy decreases considerably.

![Extremely bright γ-ray source generated from a two-stage self-guided laser-plasma accelerator.\
(**A**) Energy spectra of the γ-ray evolution with time. (**B**) Peak brilliance (photons s^−1^ mm^−2^ mrad^−2^ per 0.1% BW) of the γ-rays emitted as a function of the photon energy. (**C**) Angular spectrum and angular distribution of the γ-rays.](aaz7240-F6){#F6}

In summary, the previously reported X/γ-ray radiation sources from laser-driven plasma wakefields were limited to photon numbers of 10^7--8^ at hundred keV energies and GW powers, thus only delivering the pulse brilliance in the level of synchrotron light sources and radiation efficiency on the order of 10^−6^. These restrict their practical applications in broad areas. Here, we propose a novel and robust scheme capable of achieving several orders of magnitude increase in the photon number, radiation efficiency, brilliance, and power of the emitted γ-rays, based on the all-optical two-stage LWFA driven by multi-PW laser pulses. This enables the development of compact ultrashort γ-ray sources with unprecedentedly high-brilliance and PW-level powers in the GeV regime. Such powerful γ-rays may offer unique capabilities and serve as a promising new platform for various applications, such as photonuclear reactions ([@R5], [@R6]), light-light/matter interactions ([@R7], [@R29]--[@R31]), and γ-ray colliders ([@R4], [@R50], [@R51]).

METHODS
=======

γ-Ray emission
--------------

It is well-known that the accelerating electrons trapped in plasma wakefields can radiate high-energy photons via betatron oscillations ([@R20]--[@R22]). When the radiated photon energy becomes comparable to the electron energy, the emission process should include the radiation reaction and quantum emission effects ([@R52]). In our simulations, these effects are self-consistently implemented in the particle-in-cell (PIC) code EPOCH ([@R53], [@R54]) using a Monte Carlo method ([@R55]), which allows the self-consistent simulation of laser-plasma interactions in the strong electromagnetic radiation regime. The effects can be characterized by the radiation parameter$$\chi_{e} = (e\hslash\epsilon_{e}/m_{e}^{3}c^{5}) \mid \mathbf{E}_{\bot} + \mathbf{\beta} \times \mathbf{B} \mid$$

Here, ϵ*~e~* is the electron energy, **E**~⊥~ is the electric field perpendicular to the electron velocity **β=v**/*c*, and $F_{\bot} = \mid \mathbf{E}_{\bot} + \mathbf{\beta} \times \mathbf{B} \mid \approx \sqrt{{(E_{\text{sy}} - B_{\text{sz}})}^{2} + {(E_{\text{sz}} + B_{\text{sy}})}^{2}}$ is the transverse electromagnetic field that arises from the self-generated electromagnetic fields in the plasma wake. Because the trapped electrons reside at the rear of the wake and the laser pulse locates at the very front of the wake, the laser fields do not interact directly with the trapped electrons and thus do not produce the radiation by laser-electron interaction. The radiation reaction effect on electron dynamics can be expressed as $\mathbf{f}_{\text{rr}} = - \frac{2}{3}\frac{m_{e}^{2}c^{3}}{\hslash}\alpha_{f}\chi_{e}^{2}\mathbf{\beta} \approx - 6.4 \times 10^{15}\chi_{e}^{2}\mathbf{\beta}\lbrack\text{eV}/m\rbrack$, where $\alpha_{f} = \frac{e^{2}}{\hslash c}$is the fine-structure constant. Assuming $\chi_{e}^{2} = 0.001$, the radiation reaction force (∣**f***~rr~*∣ ≈ 6.4 TeV/m) becomes comparable with the electromagnetic force so that a substantial energy is transferred to high-energy photons. This strong emission has a notable impact on the electron dynamics, which should be treated using a stochastic quantum-loss model rather than using a classical continuous-loss model. Therefore, one needs to investigate the radiation process in laser-plasma interactions using self-consistent numerical simulations that include the quantum-corrected emission ([@R54], [@R55]). The radiation power associated with radiation reaction and quantum effects can be expressed as $P_{\gamma} = \left( \frac{2m_{e}^{2}c^{4}\alpha_{f}}{3\hslash} \right)\chi_{e}^{2}g(\chi_{e})$, where $g(\chi_{e}) = \frac{3\sqrt{3}}{2\pi\chi_{e}^{2}}\int_{0}^{\frac{\chi_{e}}{2}}F(\chi_{e},\chi_{\gamma})d\chi_{\gamma} \approx 1/{(1 + 4.8(1 + \chi_{e})\text{ln}(1 + 1.7\chi_{e}) + 2.44\chi_{e}^{2})}^{2/3}$ is the correction function due to quantum effects ([@R55]). As *g*(χ*~e~*) ≳ 0.7 for most of the emitting electrons with χ*~e~* ≲ 0.1, one can approximately obtain$$P_{\gamma} \approx \left( \frac{2\alpha_{f}\hslash e^{2}}{3m_{e}^{4}c^{6}} \right)\epsilon_{e}^{2}F_{\bot}^{2}$$

Here, the characteristic radiated energy can be estimated as $\epsilon_{\gamma} \approx \left( \frac{4}{5\sqrt{3}}\frac{e\hslash}{m_{e}^{3}c^{5}} \right)\epsilon_{e}^{2}F_{\bot}$. By assuming that the initial electron energy ϵ*~e~*\~5 GeV (before emitting γ-ray photons) and that the maximum transverse field *F*~⊥~\~3 × 10^13^ V/m, the maximum photon energy of the γ-rays can reach GeV level.

Numerical simulations
---------------------

Fully relativistic three-dimensional (3D) PIC simulations have been carried out by using the code EPOCH. A simulation window moving at the speed of light is used, which has absorbing boundary conditions for both fields and particles. The size of the window is 60 μm (*x*) × 45 μm (*y*) × 45 μm (*z*) with 1500 × 270 × 270 grid cells, sampled by four macroparticles in each cell. A plasma channel with a density profile of *n~e~* = *n*~0~ + *∆n*~0~ is adopted to guide the high-power high-intensity laser pulse. Here, $\mathrm{\Delta}~n_{0} = 0.3a_{0}n_{c}(r^{2}\lambda_{0}^{2}/\pi^{2}r_{0}^{4})$ is the channel depth, *r* is the radial distance from the channel axis, and the on-axis background density is set to *n*~0~ = 2 × 10^−4^*a*~0~*n~c~* and 10^−3^*a*~0~*n~c~* in the acceleration and radiation stages, respectively, as shown in [Fig. 2A](#F2){ref-type="fig"}. This type of plasma channels can be produced in several ways, such as using picosecond pulse laser--induced channeling ([@R15], [@R56], [@R57]) and laser-irradiated clusters ([@R58]). The incident linearly polarized laser pulse has a transversely Gaussian profile of $\text{exp}( - r^{2}/r_{0}^{2})$, a longitudinal distribution of sin^2^(π*t*/2τ~0~), and a peak intensity of $I_{0} = \frac{\pi}{2}\frac{m_{e}^{2}c^{5}}{e^{2}\lambda_{0}^{2}}a_{0}^{2} \approx 4.9 \times 10^{21}~W/\text{cm}^{2}$ (amplitude *a*~0~ = 60), where *r*~0~ = 10λ~0~ = 10 μm is the laser spot size and τ~0~ = 30 fs is the pulse duration (FWHM). The corresponding peak power is 7.7 PW for 232-J pulse energy. Such laser pulses are readily accessible from current multi-PW laser systems ([@R59], [@R60]) and forthcoming laser facilities ([@R32]).

As a reference, we have carried out a larger-scale simulation case with the transverse dimensions of 90 μm (*y*) × 90 μm (*z*). The results are reported in the Supplementary Materials and are nearly the same as those discussed above. Furthermore, 3D PIC simulations indicate that, when the length of the plasma density up-ramp at the entrance of the radiator stage is within the range of 50 to 500 μm, it gives comparable results for the γ-ray emission. We have also carried out an additional simulation with reduced time step and cell size to investigate the effect of the numerical Cerenkov instability on the γ-ray generation, which indicates that there is no significant influence on the final results of this γ-ray radiation. The role of radiation reaction in our scheme is examined by the comparison of photon emission by energetic electrons with and without radiation reaction force, as described in the Supplementary Materials. This reveals that a self-consistently quantum-corrected radiation model must be taken into account in the emission of high-energy radiation by the electrons in extremely intense fields that we consider in this work.

Supplementary Material
======================
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